Current vision science adaptive optics systems use near infrared wavefront sensor 'beacons' that appear as red spots in the visual field. Colored fixation targets are known to influence the perceived color of macroscopic visual stimuli (Jameson, D., & Hurvich, L. M. (1967) . Fixation-light bias: An unwanted by-product of fixation control. Vision Research, 7,[805][806][807][808][809], suggesting that the wavefront sensor beacon may also influence perceived color for stimuli displayed with adaptive optics. Despite its importance for proper interpretation of adaptive optics experiments on the fine scale interaction of the retinal mosaic and spatial and color vision, this potential bias has not yet been quantified or addressed. Here we measure the impact of the wavefront sensor beacon on color appearance for dim, monochromatic point sources in five subjects. The presence of the beacon altered color reports both when used as a fixation target as well as when displaced in the visual field with a chromatically neutral fixation target. This influence must be taken into account when interpreting previous experiments and new methods of adaptive correction should be used in future experiments using adaptive optics to study color.
Introduction
Adaptive optics can remove nearly all the effects of the eye's aberrations while displaying arbitrary stimuli to the retina, making this technology a promising tool not only for studying the impact of the eye's aberrations on vision (Dalimier, Dainty, & Barbur, 2007; Liang, Williams, & Miller, 1997; Lundstrom et al., 2007; Marcos et al., 2008; Piers et al., 2007; Sawides et al., 2010; Yoon & Williams, 2002) but its retinal and neural limits as well (Brainard, Williams, & Hofer, 2008; Hofer, Singer, & Williams, 2005; Rossi & Roorda, 2010a , 2010b Rossi et al., 2007) . Within this latter category, adaptive optics allows experimental investigation of the topography of the retinal mosaic and its impact on color as well as spatial vision (Brainard, Williams, & Hofer, 2008; Hofer, Singer, & Williams, 2005) . All vision science adaptive optics systems use near infrared wavefront measuring 'beacons' that, despite having near infrared wavelengths, are visible and salient in the visual field. This is potentially problematic since it has long been known that colored fixation lights can impact the perceived hue of a visual stimulus. For example, Jameson and Hurvich (1967) demonstrated a marked difference in the reported appearance of large (44 arcminute) colored fields with changes in fixation target color from red to blue. Given their findings, it is possible that the red wavefront beacon may also impact the perceived hue of visual stimuli displayed with adaptive optics.
We sought to determine whether the presence of a dim, red wavefront beacon impacts reported color appearance when viewing monochromatic, small spot stimuli. Since the wavefront beacon can be used as a fixation point (for non-foveal stimuli as in the experiments described by Hofer, Singer, & Williams, 2005) or displaced from the visual axis (typical when presenting foveal stimuli) we performed experiments to assess the perceptual impact in both situations. If the adaptive optics wavefront beacon impacts perceived color then this bias must be taken into account when interpreting previous experiments and new methods of adaptive correction should be developed and used in future experiments involving color.
Methods

Subjects
Five subjects participated, subjects 1, 2, and 5 were authors; subjects 2, 3 and 4 were inexperienced observers, and subjects 3 and 4 were naïve to the purposes of the study. Subjects 1, 3 and 5 were female and subjects 2 and 4 were male. All subjects had normal vision correctable to at least 20/20 and normal color vision as assessed by the HRR 4th edition plates. The research followed the tenets of the Declaration of Helsinki and all subjects gave informed consent after an explanation of the study procedure and any possible risks. All study procedures were approved by the Institutional Review Board of the University of Houston. Vision Research 56 (2012) [49] [50] [51] [52] [53] [54] [55] [56] Contents lists available at SciVerse ScienceDirect Vision Research j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / v i s r e s
Apparatus and stimuli
Subjects used hue-scaling to rate the appearance of brief (6 ms), monochromatic (580 nm), small spot stimuli. Stimuli were created by illuminating a 25 lm pinhole, subtending $0.2 arcminute, with a white-light LED. (Subject 5 acquired data with an older stimulus configuration using a weaker broadband halogen light and 34 ms duration, data acquired in subjects 1 and 2 with both configurations showed no observable differences in color reports.) Stimulus wavelength was chosen based on previous research (Cicerone & Nerger, 1989; Krauskopf & Srebro, 1965) to maximize variability in color appearance and was controlled either with a monochromator (subject 5) or with a narrow band (10 nm bandwidth) interference filter (subjects 1-4). Since effective adaptive optics correction cannot be achieved without the wavefront beacon, stimuli were displayed with conventional refraction through a 2 mm artificial pupil. These stimuli have retinal size of $1 arcminute full-width at half-maximum (fwhm), which is roughly the smallest stimulus size achievable with conventional optical means.
Stimuli were monocularly presented to the central fovea after at least 10 min of dark adaptation in an otherwise completely dark visual field, save for 2 dim fixation dots presented in Maxwellian view. Subjects fixated midway between these two dots, which were separated by 2.25°. This fixation target was chosen to minimize interference at the fovea without introducing large fixation errors. Reported accuracy of fixation for similar targets is 3-6 arcminute (Rattle, 1969) , which is not significantly different from that reported by Ditchburn (1973) for central fixation targets. Subjects wore their habitual spectacle correction, or were corrected with either trial lenses and/or by translating a movable stage in a Badal optometer. No dilating agents were used, since subjects' natural pupils were always larger than the 2 mm artificial pupil. This small pupil size also provided a large depth of focus, minimizing the potential impact of accommodative drifts and fluctuations on the retinal stimulus profile. The negligible influence of accommodative fluctuations under these conditions was confirmed in one subject (subject 1) by calculating the retinal stimulus profile as a function of time from time-resolved wavefront measurements.
To assess the applicability of our findings for stimuli even smaller than possible with conventional optics (i.e. those produced with adaptive optics), one subject (subject 5) acquired data under two additional conditions: 1. with foveal stimuli displayed through a 6 mm artificial pupil with static (or open-loop) adaptive optics correction of higher order aberrations, and 2. with conventionally refracted stimuli presented through a 2 mm artificial pupil 1°from fixation, where stimulus and cone size are more comparable. The subject foveated a single fixation dot in this second condition.
In the first condition (aberrations corrected, foveal stimuli) the subject's pupil was dilated (1% tropicamide) to allow aberration correction over a 7 mm pupil. Static (or open-loop) aberration correction was achieved with direct-slope (Jiang & Li, 1990) control of a 97 channel deformable mirror (Xinetics) run in closed-loop until the root-mean-square wavefront error over a 7 mm pupil was below 0.12 lm. At this point the mirror was held fixed, allowing the wavefront beacon to be turned off. Correction was updated prior to the start of each new trial block. Static correction of the eye's aberrations as described here is known to be less effective than dynamic closed-loop aberration correction due to the inherent instability of the eye's optics (Hofer et al., 2001) . Calculations from temporally resolved wavefront measurements acquired with static correction in this subject (subject 5) indicated a relatively stable retinal stimulus profile of $0.5 arcminute fwhm.
In the second condition (conventionally refracted stimuli presented 1°from fixation) all trials took place in the 4-11 min interval following a full bleach of rod and cone pigment (the 'cone plateau') to minimize any potential impact of rods. Bleaching was achieved with a diffused halogen source (color temperature $1900 K) of $7.4 log photopic Troland-seconds, a strength calculated to bleach at least 99% of both L and M cone pigment according to Rushton's pigment kinetics equations (1968) . These stimulus conditions closely mimic those used in the study reported by Hofer, Singer, and Williams (2005) .
Psychophysics
Procedure
We performed two sets of experiments to assess the impact of the adaptive optics wavefront beacon (840 nm, 1 lW) on reported color appearance of dim, monochromatic, point stimuli. In Experiment 1 we sought to determine whether color reports are impacted when using a red fixation target, as is the case when using the beacon as a fixation point with non-foveal stimuli. In Experiment 2 we sought to determine whether the influence of the wavefront beacon can be avoided or diminished by displacing the beacon in the visual field and using a chromatically neutral stimulus to guide fixation.
In Experiment 1, subjects performed blocks of trials alternating between red and white fixation target conditions. In Experiment 2 a white fixation target was used to guide fixation and the wavefront beacon was displaced from the visual axis by $1.25°(horizontal displacement for foveal stimuli, vertical displacement for subject 5 when viewing stimuli at 1°). Subjects then performed blocks of trials alternating between beacon absent and beacon present conditions. Each block consisted of 50-100 trials, including blanks, at 4 or 5 intensity levels spanning the psychometric function. Appearance of these stimuli is known to depend somewhat on both intensity and the subjective detection criterion (Koenig & Hofer, 2012) . Testing at multiple intensities allows disambiguation of the impact of fixation target, or beacon related hue bias from any potential shifts due to differences in either sensitivity or criterion across conditions. Stimulus timing and intensity were controlled by a custom Matlab program (The Mathworks, Natick, MA) incorporating Psychophysics Toolbox routines (Brainard, 1997; Pelli, 1997) . Data collection was typically spread over 2-4 days and most subjects performed 600-700 trials per condition. Prior to the start of the experiment, a series of frequency of seeing data was acquired to select the most appropriate stimulus intensities and to appropriately focus the subject. Subjects used these preliminary sessions to practice rating color appearance, and the ratings data from these sessions were discarded.
Hue-scaling response framework
Subjects rated the color appearance of each stimulus, if seen, by distributing 10 key presses among five categories: white, green, blue, yellow, or red; in any manner they felt best reflected the appearance of the stimulus on each trial (Koenig & Hofer, 2012) . Subjects were instructed to rate stimuli according to apparent hue and saturation and not apparent brightness. A stimulus appearing saturated green, for example, would be rated by placing all 10 key presses in the green category, whereas a moderately desaturated orange might be rated as 3 red, 2 yellow, and 5 white. In the event that a 'colorless' or 'indescribable' stimulus was seen (Bouman & Walraven, 1957; Hofer, Singer, & Williams, 2005; Krauskopf, 1978) subjects were instructed to use the white category. Stimuli rated purely white (all ten key presses in the white category) therefore reflected all stimuli without a discernable hue, including both 'colorless' or 'indescribable' stimuli as well as those appearing white or gray.
Trials were self-paced and subjects entered color ratings either with a game controller or a small handheld numeric keypad. In both cases each key press was accompanied by an auditory tone, with the final key press sounding a distinct 'completion' tone.
Subjects were unable to proceed to the next stimulus until completing the requisite number of key presses. Only certain keys were recognized during color rating, and unexpected key presses were accompanied by an error tone and flagged as a mistake. Finally, subjects were able to intentionally flag individual trials by means of an additional key press in the event that a known rating mistake occurred. Rating mistakes were excluded from analysis.
Data analysis
Frequencies of seeing were computed at each stimulus intensity for each subject and condition. No significant differences in sensitivity or criterion were observed for any subject in either the red vs. white fixation target or beacon present vs. beacon absent conditions. The impact of the granularity of the cone mosaic should be most evident with these stimuli near the detection threshold (Brainard, Williams, & Hofer, 2008; Hofer, Singer, & Williams, 2005; Krauskopf, 1978) and prior work with similar stimuli has suggested a qualitative shift in color appearance for stimuli with frequencies of seeing above $85% (Hofer, Singer, & Williams, 2005) . Consequently, we restricted our data analysis to stimuli with frequencies of seeing between 20% and 85%, which generally included 2 or 3 stimulus intensities per subject (actual numbers of stimuli seen and retained for data analysis are reported in Tables  1-3) .
Mean ratings were computed for each subject and condition after performing an arcsine transform (Abramov, Gordon, & Chan, 2009 ) to insure appropriately distributed variance. Ratings were Table 1 Hue-scale data for threshold (20-85% seen), monochromatic (580 nm), point stimuli with white or red fixation targets (Experiment 1). Shown is the mean rating (after the arcsine transform) for all seen spots for each subject in each of the five categories (white, red, green, blue, and yellow) plus or minus the standard error. Ratings for each category are on a scale from 0 to 10. 'Percent achromatic' is the percent of seen stimuli, on a scale of 0-100, that were rated only as white (a rating of 10 in the white category). 'Mean saturation' is the average saturation (sum of all ratings other than white) for all seen stimuli on a scale of 0-100. Stimuli were presented foveally for subjects 1-4, and at 1°for subject 5. Superscripts indicate significant differences in the two conditions, with Ã p < 0.05, # p < 0.01, § p < 0.001, and à p < 0.0001 (two-tailed z-test). All subjects rated spots significantly more red or less green with the red fixation target. Some subjects also rated spots less blue (subjects 2 and 4) or more yellow and more saturated (subjects 4 and 5) with the red fixation target. Table 2 Hue-scale data for threshold (20-85% seen), monochromatic (580 nm), point stimuli with a white fixation target and the red wavefront correcting beacon either present or absent $1.25°from the visual stimulus (Experiment 2). Shown is the mean rating (after the arcsine transform) for all seen spots for each subject in each of the five categories (white, red, green, blue, and yellow) plus or minus the standard error. Ratings for each category are on a scale from 0 to 10. 'Percent achromatic' is the percent of seen stimuli, on a scale of 0-100, that were rated only as white (a rating of 10 in the white category). 'Mean saturation' is the average saturation (sum of all ratings other than white) for all seen stimuli on a scale of 0-100. Stimuli were presented foveally. Data also shown for subject 5 with foveal stimuli displayed with a static adaptive optics correction and for stimuli displayed at 1°. Subject 4 did not participate in this experiment. Superscripts indicate significant differences in the two conditions, with Ã p < 0.05, # p < 0.01, and à p < 0.0001 (two-tailed z-test). Green ratings where significantly higher for subjects 1 and 2 when the beacon was present than when it was absent. inspected for each subject as a function of stimulus intensity, and while mean hue was generally found to shift with increasing intensity (most notably decreasing in blueness and increasing in yellowness with smaller changes in the red-green balance), any differences in the red vs. white target or beacon absent vs. beacon present conditions were consistent at all intensities examined. Data for all the threshold stimulus intensities (20-85% frequency of seeing) was subsequently binned to allow easier visualization of the impact of the colored fixation target, or beacon, on reported color appearance. Two-tailed z-tests were then used to assess the significance of any differences in mean ratings across conditions, the validly of this method for our data was confirmed with permutation tests (Good, 2005) . In addition to computing and plotting mean ratings in each color category, data were also visualized with Uniform Appearance Diagrams (also described by Abramov, Gordon, and Chan (2009) ) by plotting the difference in green and red ratings on the y axis and the difference in yellow and blue ratings on the x axis. Fig. 1 shows one example of the variation in color appearance of individual 580 nm foveal small spot stimuli for one subject (subject 1).
Stimuli that appeared achromatic fall at the origin and stimuli that appeared completely saturated lie along the edges. The variation in color appearance shown in this diagram is typical of small, threshold, foveally presented monochromatic stimuli and similar to that previously reported (Koenig & Hofer, 2012; Krauskopf & Srebro, 1965) . Stimuli varied markedly in both hue and saturation, were most commonly blue-green or orange, were never purple or violet, and were only rarely yellow-green.
Results
Experiment 1: red vs. white fixation targets
Figs. 2 and 3 show that all subjects rated the monochromatic yellow point stimuli redder, on average, when the fixation target Table 3 Hue-scale data for subjects 1 and 2 when viewing foveal, parathreshold (>85% seen), monochromatic (580 nm), point stimuli with a white fixation target and the red wavefront correcting beacon either present or absent $1.25°from the visual stimulus (Experiment 2). Shown is the mean rating (after the arcsine transform) for all seen spots in each of the five categories (white, red, green, blue, and yellow) plus or minus the standard error. Ratings for each category are on a scale from 0 to 10. 'Percent achromatic' is the percent of seen stimuli, on a scale of 0-100, that were rated only as white (a rating of 10 in the white category). 'Mean saturation' is the average saturation (sum of all ratings other than white) for all seen stimuli on a scale of 0-100. Superscripts indicate significant differences in the two conditions, with # p < 0.005, § p < 0.001, and à p < 0.0001 (two-tailed z-test). Green ratings were significantly higher for both subjects when the beacon was present than when it was absent.
Beacon absent
Beacon present Fig. 1 . Uniform Appearance Diagram illustrating typical variation in appearance of monochromatic (580 nm), threshold (20-85% seen), foveally viewed point stimuli for one subject (subject 1). The green minus the red rating (after the arcsine transform) is plotted vs. the yellow minus the blue rating for each of 297 seen stimuli. Stimuli rated as purely white fall at the origin, while stimuli rated as purely colored (saturated) lie along the edges (diagonal lines) of the diagram. The weight of each point indicates the number of stimuli with that rating, with the darkest points representing the most stimuli. The variation in color appearance reported by this subject is typical, with stimuli often appearing white, green, blue-green, blue, yellow, red, or orange; seldom appearing yellow-green; and rarely appearing purple or violet. Red ratings increased for all subjects when using the red fixation target than with the white target. The magnitude of the effect was roughly equal for all subjects, including subject 5 who used a foveal fixation point and more eccentric stimuli.
was red than when it was white (see also Table 1 ). Fig. 2 , which presents the distribution of ratings reported in each color category, shows that the average red rating significantly increased, the average green rating significantly decreased, or both, for all subjects with the red compared with white fixation target. An alternative way of viewing the data is presented in Fig. 3 , which shows the mean ratings for each subject plotted on the Uniform Appearance Diagram. The data displayed in these figures includes all threshold stimuli seen at frequencies of seeing from 20% to 85%, with an average frequency of seeing of $65%. The magnitude of the hue shift caused by fixating the red target was comparable for all subjects, despite significant individual differences in mean hue. That the same hue shift was also found in subject 5, who viewed a stimulus presented at 1°, suggests that decreasing the size of the stimulus relative to the underlying photoreceptors does not lessen the impact of fixation target color on perceived hue. The similarity of the results of subject 5, who foveated a fixation point, to those of the other subjects, who fixated midway between two fixation dots, also suggests that the impact of the fixation target is insensitive to the retinal position of the elements comprising the target. It is also important to note that the hue shift caused by fixating a red target showed no evidence of decreasing with decreased fixation target intensity (data not shown), and in fact these data were taken with dim fixation dots just bright enough for accurate fixation. Fixating a red target, as when fixating the wavefront sensor beacon, causes the color appearance of tiny monochromatic yellow (580 nm) stimuli to become more similar to the beacon color (redder). Interestingly, this shift in appearance is opposite to that reported by Jameson and Hurvich (1967) , whose subjects rated the appearance of their larger (44 arcminute) suprathreshold yellow (578 nm) stimuli as less red and less yellow when viewed with red than with blue fixation dots.
3.2. Experiment 2: beacon present vs. beacon absent 3.2.1. Threshold stimuli Displacing the beacon from the visual axis is a typical strategy used in adaptive optics psychophysical experiments to mitigate its impact (Chen et al., 2006 (Chen et al., , 2007 Putman et al., 2005) . We sought to determine whether employing this strategy with a chromatically neutral fixation target would eliminate the impact of the beacon on the color appearance. Figs. 4 and 5 show that 2 of 4 subjects rated threshold (frequency of seeing from 20% to 85%, average frequency of seeing $50%) monochromatic yellow point stimuli greener, on average, when the wavefront correcting beacon was present $1.25°from the stimulus in the visual field. Fig. 4 , which presents the distribution of ratings placed in each color category, shows a significant increase in green ratings for subjects 1 and 2 when the beacon is present, compared with absent (see also Table 2 ). This was accompanied by an increase in overall saturation (decrease in white ratings). The magnitude of the hue shift for these subjects, shown in Fig. 5 , was roughly equal and opposite to that caused by fixating a red target.
Although color reports for subject 5 were not significantly different in the beacon present vs. beacon absent conditions, they did differ for foveal stimuli displayed with conventional optics compared with those displayed with a static aberration correction (Table 2 ). There were significantly fewer green ratings when viewing the smaller stimuli produced with aberration correction. Fig. 3 . Mean hue is significantly redder for each subject when viewing foveally presented (1°for subject 5) 580 nm stimuli with red fixation targets (reddish points) than with white fixation targets (black points). Points are labeled with subject number and represent the average of seen stimuli (Table 1) , error bars are plus or minus 1 standard error. Note that only the central portion of the Uniform Appearance Diagram is shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 4 . Distribution of color ratings among the five categories: red, yellow, green, blue, and white; for 580 nm, threshold (20-85% seen), foveally presented point stimuli with and without the correcting beacon in the visual field (1.25°from the stimulus). Color reports were not significantly different for subjects 3 and 5 in the two conditions, but green ratings increased significantly for subjects 1 and 2. This increase in green ratings was accompanied by an increase in overall saturation.
Assessing the significance and the generalizability of this finding require further study.
Parathreshold stimuli
We took additional data with brighter stimuli in subjects 1 and 2, the subjects for whom the wavefront beacon caused a significant increase in the reported green component of the stimulus, to determine whether the beacon's impact might lessen with small increases in stimulus intensity (Fig. 6) . Subject 1 viewed stimuli $0.45 log units above threshold (bright enough to be seen 100% of the time), while subject 2 viewed stimuli at a frequency of seeing of 89%. A shift in the green direction was still observed for both subjects, with no apparent decrease in magnitude. It is possible that larger increases in stimulus intensity may diminish the impact of the beacon for these subjects, however very bright stimuli cannot be effectively confined at the receptor scale and will be less effective for probing the impact of the granularity of the retinal mosaic on vision. We conclude that at least some subjects are significantly impacted by the presence of the beacon when viewing small threshold stimuli, even when the beacon is not fixated, and that the technique of using a chromatically neutral fixation target and displacing the beacon in the visual field is not generally sound.
Discussion
Color appearance of small foveal stimuli
Our data show significant individual differences in color appearance of foveal, monochromatic, point stimuli, with these differences occurring in both the red-green and blue-yellow color directions. That most subjects reported a significant blue component to the color appearance of these stimuli, despite the paucity of S cones in the central fovea and their relative insensitivity at 580 nm, supports prior work suggesting an M cone contribution to the sensation of blueness (Brainard, Williams, & Hofer, 2008; De Valois & De Valois, 1993; Drum, 1989; Hofer, Singer, & Williams, 2005; Schirillo & Reeves, 2001 ; see also the work of Knoblauch & Shevell, 2001 , which cautions against the general association of fixed hues with specific cone types). Individual differences in the blue-yellow direction may be partially due to differences in the criterion for deciding whether or not stimuli were seen.
Implications for AO psychophysics
Fixating a red target, as when fixating the adaptive optics wavefront correcting beacon, causes a robust shift in the appearance of threshold, 580 nm, point stimuli toward the beacon hue. This effect occurred in all subjects regardless of naiveté or the amount of prior psychophysical experience. That the same effect was also observed subject 5, who viewed stimuli at 1°while foveating a single fixation dot, suggests that the fixation hue bias is not strongly sensitive to the geometry of the fixation target and is unlikely to be lessened by decreasing the size of the stimulus relative to the underlying photoreceptors. We observed a similar effect in preliminary experiments when using a large (1°), dim, red concurrent imaging flash, as is required to localize individual retinal stimuli in either a floodilluminated system (Putman et al., 2005) or adaptive optics Fig. 5 . Mean hue is significantly greener for two subjects (1 and 2) when viewing foveally presented, threshold, 580 nm stimuli with the correcting beacon present (reddish points) than without (black points). Mean hue was not significantly different for the other two subjects (3 and 5-only data for foveal stimuli displayed with conventional refraction are shown for subject 5, results with static aberration correction and stimuli presented at 1°were similar). Points are labeled with subject number and represent the average of all seen stimuli (Table 2) , error bars are plus or minus 1 standard error. Note that only the central portion of the Uniform Appearance Diagram is shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 6 . Mean hue is significantly greener for two subjects (1 and 2) when viewing foveally presented, parathreshold (subject 1: 100% frequency of seeing, 0.45 log units above threshold; subject 2: 89% frequency of seeing), 580 nm stimuli with the correcting beacon present in the visual field than without the beacon. (a) Distribution of color ratings among the five categories: red, yellow, green, blue, and white; shows increased green ratings accompanied by an increase in overall saturation (reduced white ratings). (b) The magnitude of the hue shift is similar to that seen in the same two subjects with dimmer stimuli. Data with more intense stimuli were not acquired for other subjects. Points are labeled with subject number and represent the mean of all seen spots plus or minus 1 standard error. Note that only the central portion of the Uniform Appearance Diagram is shown. confocal scanning ophthalmoscopes (Arathorn et al., 2007; Rossi & Roorda, 2010a) . This suggests that the imaging fields required with these stimulus localization strategies will also interfere with color judgments until it becomes possible to image with wavelength and intensity combinations that are not visible to subjects.
An opposite and roughly equal shift towards the green direction occurs in some, but not all, subjects when the beacon is not fixated but present in the visual field $1.25°from the stimulus. For these subjects, one of which was naïve and the other highly experienced, the effect was not reduced by modest increases in stimulus brightness. It may be possible to eliminate this effect by further displacing the beacon in visual field, but this will not allow effective adaptive optics correction since the quality of correction decreases with increasing separation between the beacon and the system axis (Bedggood et al., 2008) .
The differing impact on perceived stimulus color when fixating a red target compared with having a red spot (the wavefront beacon) displaced in the visual field (with the same distance between the stimulus and target/beacon in both cases) indicates the effect is not purely retinal or adaptational and suggests a central component. One possibility is that subjects viewing a colored fixation target attend to its color, which may increase its perceptual salience (Blaser, Sperling, & Lu, 1999; Tseng, Gobell, & Sperling, 2004; Tseng et al., 2010) . That reported appearance was, on average, more similar to the fixation target color is consistent with this account, although somewhat in contradiction to findings that color appearance itself is not altered by attention (Prinzmetal et al., 1998) , at least for large, suprathreshold stimuli.
Another potential strategy for reducing the impact of the wavefront sensor beacon (or imaging light in the case of a concurrent localization experiment) on color appearance is to perform experiments on a bright white background, just bright enough to mask the red imaging or beacon light. Another variant of this strategy would be to precisely superpose a green field on top of the red light. We explored the former strategy in one subject (subject 1) and found a significant difference in color reports for stimuli presented on light and dark backgrounds (Fig. 7) , with reported color appearance for threshold stimuli viewed on the white background becoming more similar to that expected for macroscopic stimuli. This suggests that even if a masking or hue canceling strategy is feasible it may not be desirable, as it does not appear to produce conditions favorable for probing the granularity of the retinal mosaic.
Conclusions
Small, dim colored lights in the visual field significantly impact perceived hue of threshold small spot stimuli and the nature of this impact depends on whether the lights are serving as fixation targets or simply present in the visual field. When fixating a chromatically neutral target, the additional presence of the red beacon either had no impact or shifted appearance of a 580 nm small spot stimulus in the green direction, with the magnitude and significance of the effect varying considerably across subjects. A more robust and dramatic impact occurred when fixating a red target, with appearance for the same stimuli shifting markedly in the red direction. We conclude that it is inappropriate to use visible wavefront beacons, or imaging lights, in color-related adaptive optics experiments, especially with threshold stimuli. Ideally, alternative methods, such as longer wavelength beacons or wavefront sensorless schemes (Biss et al., 2007; Booth, 2007; Hofer et al., 2011; Zommer et al., 2006) , will be developed and employed for psychophysical experimentation. Fig. 7 . Impact of a white background (1.16 Trolands) on color reports for one subject (subject 1) with threshold (percent seen <85%), foveal, 580 nm point stimuli. The distribution of color reports is different for stimuli displayed to the dark adapted fovea (left) than stimuli displayed on a white background (right). As in Fig. 1 , the weight of each dot reflects the number of stimuli rated similarly. Stimulus intensity was adjusted to maintain threshold performance in both conditions. Variability decreases on the bright background and mean hue (represented by the black and blue diamonds, error bars are plus or minus one standard error and are smaller than the size of the markers) shifts significantly in the yellow direction, which is the expected hue for a macroscopic stimulus of this wavelength. As in Figs. 1, 3 , 5 and 6, stimuli were displayed through a 2 mm artificial pupil with conventional refraction and color rating data were arcsine transformed prior to plotting. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
